Introduction
Antibiotic resistance of pathogenic bacteria has been recognized as a global public health concern [57] . Recently, the nonhuman application of antibiotics has also been discussed in connection with pathogen resistance [4, 18] . However, it is widely acknowledged that major data gaps complicate an analysis of the problem of antibiotic resistance. One of them is the role of environmental bacteria as resistance reservoir, linked to the role of antibiotics in the environment as selective pressure for the development of resistance [3, 4] .
A major route of the dissemination of antibiotics to the environment is the application of slurry of treated farm animals on agricultural soils [24, 46] . The total veterinary use of antibiotics is comparable to human use, according to the latest available usage figures from Europe (3465 tonnes veterinary therapeutic use vs 5460 tonnes human use in 1997 [19, 55] ). Antibiotics entering the soils as contaminants in the manure [15, 26] may select for resistant soil bacteria. Subinhibitory concentrations of antibiotics are generally thought to select for resistant populations [9] , and the relatively small concentrations of antibiotics detected in soils [15, 25, 26, 35, 48] might therefore contribute to an increase in resistance. The manure might also contain fecal bacteria carrying resistance genes, possibly on mobile genetic elements. These might subsequently be horizontally transferred to soil bacteria [30, 49] , a process that is facilitated by high nutrient availability such as provided by manure [21] .
The importance of animal manure for the occurrence of resistance genes in the environment has been shown for soils or groundwater below a pig farm [5, 11, 30] . A transient increase of resistance after manuring has also been observed in the culturable part of the bacterial community [49] . However, little is known regarding the role of antibiotics as an additional selective pressure for the maintenance of antibiotic resistance in the soil environment due to veterinary antibiotic use [17, 28, 56] . For example, previous investigations on aminoglycoside antibiotics were not completely conclusive as to the role of selection pressures in the environment. A high diversity of gentamycin resistance genes in pig manure has been noted [28] , and streptomycin-modifying genes were abundant in many habitats with and without selective pressure [56] . Thus, more information is needed from habitats with a clearly characterized selective pressure.
Microcosms enable one to study the effects of selective pressures under controlled circumstances. In previous studies, it has been shown that the exposure of soil microcosms to oxytetracycline leads to adaptation of the bacterial community to the antibiotic, as judged from an increase in the community tolerance and from 16S rDNA denaturing gradient gel electrophoresis (Schmitt, submitted for publication). Here, we build upon these experiments by studying the role of resistance gene diversity in these community changes. Tetracycline and sulfonamide resistance genes have been chosen because these represent the most important veterinary compound classes per volume.
We investigated the effects of both manure and tetracycline amendment on tetracycline resistance in soil by performing microcosm studies with manure and a wide range of antibiotic concentrations. Furthermore, tetracycline and sulfonamide resistance was studied in field situations with agricultural soils undergoing fertilization with manure. The goal of the field studies was to evaluate the input of resistance genes with manure and to study the persistence of these genes in the soil.
Methods

Setup of Soil Microcosms.
Microcosms were set up by amending agricultural soil samples with pig manure and a range of tetracycline or oxytetracycline concentrations. Soils were sampled from an experimental agricultural site located in Bennekom, the Netherlands [20] . The soil is loamy sand with a pH of 5.5-6.5. In previous investigations, the soil texture was determined as 3% clay, 10% silt, and 87% sand, and the cation-exchange capacity was 5.6 cmol c kg -1 [36] . The site had received organic fertilizers twice in the last 20 years (NPK fertilizer containing heat-treated cow and chicken manure). Pig manure was sampled from the university stables of the Utrecht University. Manure and urine were collected from a healthy sow that underwent no antibiotic treatment during the last 1.5 months and a slurry was prepared by mixing manure and urine in a mixer. Soil microcosms consisted of 300 g dry weight subsamples to which the pig manure was added. The slurry quantities approximated the maximum nitrogen soil input (170 kg N ha -1 ) for nitrate vulnerable zones in the European Union (nitrogen input: 101 and 91 mg N kg -1 dry weight, equivalent to 157 and 186 kg N ha -1 at a mixing depth of 20 cm; slurry dry matter input: 2.9 and 1 g kg -1 dry weight, for the first and second microcosm series, respectively). In the first microcosm experiment, soils were spiked with oxytetracycline (oxytetracycline dihydrate, purity 999%, Sigma-Aldrich, St. Louis, MO, USA), resulting in soil concentrations of 0 (in duplicate), 0.5, 5, 15, 50, 150, 500, and 1500 mg kg -1 dry weight. Maximum concentrations observed in manured soils are in the range of several hundred micrograms per kilogram [25] . In the second microcosm experiment, soil samples were amended with oxytetracycline (0.1, 1, 10, and 100 mg kg -1 dry weight) or tetracycline [tetracycline hydrochloride, purity 997% (Fluka, Buchs, Switzerland), at tetracycline concentrations of 0.1, 1, 10, 100, and 1000 mg kg -1 dry weight]. Spiking was performed by mixing the above-mentioned manure with the solid compound (or aqueous solutions for the lower amendments) in a kitchen mixer, and then adding the soil subsample to the manure/substance mixture, again mixing with a kitchen mixer for 2 min. Two soil samples amended only with manure and one soil sample amended with water in place of manure served as controls for the second microcosm series. The microcosms were kept in climate chambers at 25-C, and deionized water was added every few days to maintain the same soil humidity (119 and 150 g kg -1 dry weight). Soil samples were taken at day 0 directly after setup of the microcosms, on days 6 and 14 in the first experiment and on day 8 in the second experiment. Microcosms were not kept for longer than 2 weeks, as the temperature and humidity conditions were not deemed representative of field samples for longer time periods.
Field Experiments.
One field experiment was set up in Switzerland. Liquid manure was sampled from a farm where pigs are routinely treated with chlortetracycline, sulfamethazine, and tylosin. The manure was applied on two adjacent parcels of grassland that had been fertilized regularly. However, no manure from intensive pig farming was applied in the last decade to the best of our knowledge. The soil was classified as loamy Eutric Cambisol (FAO) with a ph CaCl 2 of 5.5 to 6 and a total organic carbon content of 3.6% by weight (analyzed in 105-C dried samples with a CN Analyser from ThermoQuest, Waltham, MA, USA).
The manure application took place in the end of March and beginning of May 2003. The manure was 268 applied by using a band spreader. The application rate was 30 m 3 per hectare (equivalent to 93 kg N/ha) following Swiss agricultural practice. A few hours before application, the manure was spiked with additional sulfonamide compounds in order to distinguish between the two parcels and the two applications (sulfathiazol and sulfadimethoxin for the first application, and sulfadiazin and sulfamethoxazol for the second application). Samples taken from the manure spreader were homogenized with a kitchen blender and stored in the dark at _ 20-C until DNA extraction.
Soil samples (top 5 cm) were taken before and after manure application using a conventional 5-cm-diameter split tube core sampler. Twenty-five cores were taken according to the band-spreading pattern from the manure application on each field and mixed with one composite sample in order to have a sample representing the average concentration of the parcel. Samples taken 2 weeks and 6 months before the first manuring event served as controls. Samples taken after 1, 4, 11, 24, 45, 46, 49, 56, 73 , and 86 days were used to investigate the pattern of the resistance genes in the time course and the concentration of sulfonamide antibiotics.
Field soils were also obtained from an experiment in Germany in which the leaching behavior of veterinary compounds after the application of spiked pig manure was tested on two different soils. One soil was sand (83.5% sand, 4.9% clay, 1.0% organic carbon, ph CaCl 2 5.7) that had regularly been fertilized with cattle manure in the last 2 years. This soil did not contain any tetracyclines above the detection limit of 2 mg kg -1 [26] before the experiment. The other soil was a silty loam (4.3% sand, 41.3% clay, 2.6% organic carbon, ph CaCl 2 7.4) that had been regularly fertilized with pig manure in the last 2 years and contained 41 and 27 mg tetracycline kg -1 dry soil in the layers 0-10 and 10-20 cm, respectively. Mixed soil samples were taken in spring (in April), shortly before manure had been applied, from the layers 0-10 and 10-20 cm. , 2% dry matter content) that had been spiked with tetracycline and chlortetracycline. Before spiking, the concentrations of tetracycline and chlortetracycline were below the detection limit. Resistance genes were determined in a sample of manure before spiking. The concentrations of tetracycline and chlortetracycline in manure after spiking were 9.5 and 6.4 mg kg -1 pig manure for the sandy soil, and 10.0 and 8.9 mg kg -1 for the silty clay. Both soils were sampled within 2 h after slurry application. Soils were stored at -30-C until DNA extraction.
DNA Extraction and Polymerase Chain Reaction
DNA was extracted from 0.5 g of soil by using a commercial kit (FastSpin kit for soil, Qbiogene, Irvine, CA, USA) according to the specifications of the manufacturer with slight modifications (centrifugation for 2 min after bead-beating, and elution in 70 mL water). Genomic DNA from manure samples was extracted using a commercial kit (QIamp \ DNA Stool Mini Kit, Qiagen, Valencia, CA, USA), following the instructions of the manufacturer. Raw DNA was purified by use of a resin column (Wizard DNA clean-up system, Promega, Leiden, the Netherlands) following the protocol of the manufacturer; apart from that, 70 mL water was used for DNA elution.
The concentration of DNA in the extracts was determined for selected samples by comparing the fluorescence of PicoGreen \ -amended DNA with the fluorescence of a standard curve generated from phage l DNA (PicoGreen \ dsDNA kit, Molecular Probes, Breda, the Netherlands) and ranged from 0.9 to 33 mg/g soil (dry weight), with an average of 13 mg/g soil.
Amplification of tetracycline resistance determinants by polymerase chain reaction (PCR) was based on a primer set described previously by Aminov et al. [5, 6] . The determinants tested in this study included tet(A), tet(B),
, and tet(Z). Sulfonamide primers were taken from [22] [sul1], [13] [sul2], and [42] [sul3]. PCR was typically performed in a volume of 25 mL, with 10-40 mM of each primer, 200 mM for each deoxynucleoside triphosphate, 1.25 U of Expand Long Template enzyme mix containing Taq and Tgo DNA polymerase (Roche Applied Sciences, Almere, the Netherlands) and its accompanying reaction buffer 2. Genomic DNA (1 mL, undiluted) served as template. As positive control, DNA extracts of control strains harboring tetracycline resistance genes described in [5, 6] were used. Deionized water served as negative control. Reactions were performed in a Hybaid PCR Express or Hybaid Px2 Thermal Cycler (Franklin, MA, USA), with PCR amplification consisting of initial denaturation at 94-C for 5 min, followed by 40 cycles of 94-C for 20 s, 30 s of annealing at the annealing temperatures shown in Table 1 , 50 s of extension at 72-C, and a final extension step at 72-C for 7 min. Aliquots (5 mL) were analyzed by gel electrophoresis on agarose gels (2.5%, Cambrex, Verviers, Belgium) after staining with SybrGold (Molecular Probes). To prevent false-negative results due to PCR-inhibiting substances such as humic acids, a second DNA extraction was performed for the Swiss field soil samples that were negative in the first PCR round, and PCR reactions were additionally undertaken for the new soil DNA extracts and for a 10-fold dilution of the original extracts.
For the microcosm samples, a first round of PCR reactions was performed for selected samples (one control and three samples with high concentrations of antibiotic spiked to the soil), and only the tetracycline resistance determinants that gave positive results in at least one sample in the first round were analyzed in all microcosm samples.
Analysis of Soil Samples.
The sample pretreatment performed for the analysis of tetracyclines was recently reported in detail [26] . Briefly, the procedure was as follows: Prior to the extraction of wet soil, the dry weight was determined with a subsample (20 g of each soil sample was incubated at 100-C for approximately 24 h until constant weight was reached). Wet soil or slurry (1 g) was intensively vortexed with 1.2 mL 1 M citrate buffer (pH 4.7) in a 10-mL glass tube for 1 min. Ethyl acetate (6 mL) was added, again intensively vortexed for 1 min, and then kept for another 15 min in an automatic shaker (KS 125 basic, IKA Labortechnik, Staufen, Germany). After evaporation of the organic phase to dryness, the antibiotics were reconstituted in 200 mL (soil samples) or 1000 mL (liquid manure samples) 90% acetonitrile and 10% 100 mM ammonium acetate in water and subjected to liquid chromatography-tandem mass spectrometry (LC-MS-MS) analysis.
For sulfonamide analysis, soil samples were stored in the dark at _ 20-C, milled (under frozen conditions, with dry ice), homogenized, and divided into aliquots with a sample splitter (Rentsch, GmbH & Co, Haan, Germany) before analysis. The determination of the sulfonamide concentration of the soil samples was done by pressurized liquid extraction (ASE 200, Dionex, Sunnyvale, CA, USA) followed by LC-MS-MS (TSQ Discovery, Thermo Finnigan, San Jose, CA, USA) (Stoob et al., in preparation).
Results
First Microcosm Experiment: Effect of Spiking with
Oxytetracycline over Time.
The first microcosm experiment revealed that the amount of detected genes was nearly constant over the whole oxytetracycline dose range. The gene diversity was thus not strongly influenced by an additional spiking of the slurry-amended soils with Detailed results of positive findings of tetracycline-resistance determinants per soil sample. Pure soil: soil before microcosm setup; slurry: slurry before microcosm setup; water control: control without slurry amendment after 8 days; slurry control: soil with slurry amendment after 8 days; oxytetracycline and tetracycline treatments: after 8 days' exposure with slurry amendment. In pig manure, tet(B), tet(E), tet(M), and tet(O) were also found. These four were also tested in selected soil samples (highest or second highest OTC and TC treatments), but were not found in any of these. oxytetracycline (Table 1 ) Analysis of the resistance pattern over time showed that some genes that gave strong signals after 6 days' exposure to manure and oxytetracycline were less clearly detectable directly after soil spiking and in the control soil without oxytetracycline amendment at day 14. Resistance determinant tet(C) was not consistently found on both days, tet(T) was not detected at day 0, and tet(H) and tet(Q) were not found at day 14. Furthermore, tet(Y) seemed to disappear after 14 days of soil exposure in all oxytetracycline treatments (although it gave a weak signal in the control soil). At day 0, directly after application of oxytetracycline and manure, the resistance gene abundance was slightly lower than at day 6.
Second Microcosm Experiment: Effect of Manure Versus Spiking with Antibiotics.
When testing soil and manure separately, relatively few genes were found in soil samples before tetracycline and manure treatment, but the pig manure contained all 12 tetracycline resistance genes that it was tested for ( Table 2 ). This difference persisted after the microcosms were set up. Three tetracycline resistance genes were detected both in the water-treated control soil after 7 days and in the soil before treatment. In the water-treated soil, though, there was a weak signal for tet(Y), but tet(Z) could not be detected. In the manure-treated soils, about six to eight tet resistance genes were found, all of which had also been detected in the manure. Among the genes that failed detection, tet(S) was the most frequent. There was no apparent relationship between the antibiotic spiking concentration and the resistance pattern. The manure used in the Swiss field experiment was obtained from a farm where chlortetracycline, sulfamethazine, and tylosin are used on a regular basis. A variety of resistance determinants was found (Table 3 and Fig. 1 ). All 3 sulfonamide and 11 tetracycline resistance genes were detected. However, sul3 and tet(Z) were detected only in one of the manure samples.
The soil samples taken before manure application showed a varying diversity of resistance genes: The samples taken in autumn of the previous year gave only weak signals for many resistance genes, and tet(O), tet(M), tet(B), tet(S), and sul3 could not be detected in these soils (Fig. 1, Table 3 ). In contrast, the spring soils 2 weeks before manure application gave signals for all resistance determinants except sul3 and tet(O). There was little difference between the soil samples taken before and after both manuring events, in spring and summer.
Most resistance genes were consistently detected over the whole sampling period. Only tet(M) gave no signal in autumn, 1 day before the second manuring (day 45), and 
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on days 56 and 84. Furthermore, tet(B) and tet(S) once gave a negative signal after manuring. When the total number of genes detected is calculated, there is thus little variation between all soil samples, with the exception of the autumn samples (day -199 in Fig. 1 ).
Field Experiments: Resistance in Agricultural Soils in Germany.
Ten tetracycline and sulfonamide resistance determinants were detected in a soil that had received pig manure in the last 2 years, among them sul1, sul2, tet(Y), tet(S), tet(C), tet(Q), tet(T), tet(H), tet(Z), and tet(W) ( Table 4 ). All of these genes, plus tet(M) and tet(B) were found in pig manure used for this soil. These genes were, however, not found in the soil 2 h after manuring, indicating concentrations below the detection limit. The soil amended with cow manure was sampled directly before and 212 days after manuring in order to get an impression of the background of resistance present in this soil. In this soil, tet(S) and tet(C) were not detected. In previous studies using the same soil samples as in this study, the oxytetracycline- There, an increase in the community tolerance to oxytetracycline was observed at a concentration of 1.3 mg kg -1 , and changes in the molecular diversity were also apparent, as seen in a 16S rDNA denaturing gradient gel electrophoresis analysis (Schmitt, submitted for publication). Thus, there is a surprising divergence between the community changes observed previously and the lack of an oxytetracycline effect on the diversity of tetracycline resistance genes in this investigation (Table 1) .
One reason could be that the resistance genes introduced with manure outnumbered the resistance genes present in the soil, possibly masking an increase in the soil-borne genes upon spiking with oxytetracycline. PCR as a qualitative technique will overlook quantitative increases in gene prevalence upon soil antibiotic exposure. Manure had been applied to stimulate bacterial growth and therewith to provoke the bacteriostatic effects of oxytetracycline. As the manure was sampled from a farm with a low-use profile of antibiotics, a high input of resistance genes with the manure was initially not expected. Second, it is possible that other tolerance mechanisms are more important for the tolerance increase observed. There are over 30 tetracycline resistance genes known today [12] , and other more general defense mechanisms exist, such as multidrug efflux pumps. Still, it is interesting that clear community tolerance changes seem to occur without changes in the diversity of a wide range of tetracycline resistance genes. To test whether manure served as a source of resistance genes, slurry and soil used to set up the microcosms were tested apart in a follow-up experiment. Manure amendment indeed turned out to be the most dominating factor for the soil content of resistance genes ( Table 2) . Several tetracycline genes [tet(S), tet(C), tet(Q), and tet(H)] were introduced into the soil via manure. Again, no tetracycline-related changes in resistance gene diversity were observed. This is in contrast to the presence of 910 5 highly resistant colony-forming units per gram soil in the highest tetracycline treatment [47] . If resistance at this level had been caused by community shifts to a resistance determinant with little presence in the lower treatments, detection of such a resistance gene by PCR should be possible. However, detection limits have not been determined for these soil samples.
In the manure, all 12 tetracycline resistance genes that were tested for were positive. The manure had been sampled from a pig that had not received antibiotic treatment during at least the previous 1.5 months, and originated from a herd where tetracyclines are only used therapeutically in an incidental manner and in a strictly controlled fashion. Resistance in healthy swine and lowuse or no-use circumstances has also been documented occasionally [28, 38, 40, 52, 53] , maybe due to the persistence of resistance genes after ending their use [51] . Even swine feed components might provide a source for resistance genes [6] . However, resistance in bacteria from farm animals has more frequently been linked to the usage patterns of antibiotics [2, 10, 31, 32, 37, 40, 43] .
Still, there were indications that the antibiotics contributed to the persistence of the genes in the soil microcosms. Between 6 and 14 days of soil exposure, the diversity of resistance genes declined most in the manured soil without additional oxytetracycline spiking. The genes not detected on day 14 [tet(C), tet(Q), tet(H) and tet(Y)] were identical with the ones that were absent or only limitedly found in pure soils and in control soils without pig manure amendment. Possibly, spiking with 15 mg kg -1 oxytetracycline maintains the selection pressure necessary for survival of their hosts in soil or for horizontal transfer. The genes tet(C), tet(Q), and tet(H) have been frequently detected in isolates associated with the gastrointestinal tract of pigs or other farm animals, such as Bacteroides and Prevotella, Gramnegative enterobacteria, and Pasteurella [27, 38, 39] .
In addition, there was a slight increase in the resistance gene prevalence between day 0 (directly after manure and oxytetracycline application) and day 6. This might suggest preferential growth of the bacteria carrying these resistance genes in the soil samples, which is enhanced in the samples spiked with oxytetracycline.
Not all resistance determinants detected in the manure were found in the soils. The prevalence of tet(B), tet(M), tet(E), and tet(O) in the pig manure could have been so low that they fell below the detection limit when diluted into the soil, or the bacteria carrying these genes might have disappeared upon the change to an aerobic environment. The gene tet(E) mostly resides on nonmobile plasmids, making its transfer to soil bacteria unlikely [12, 16] . For tet(M) and tet(B), the detection in pig manure but not in soil is more surprising, given that they have the broadest host range known among the tetracycline resistance genes and can be carried on mobile plasmids [12] . Thus, it remains difficult to conclude, from the occurrence of a certain gene in cultured and identified species, the likelihood of occurrence or persistence in other environmental media.
A range of genes seems to be ubiquitous both in the soil and pig manure samples tested: tet(T), tet(W), and tet(Z). One of these genes, tet(W), has been detected not only in bacteria of the gastrointestinal tract (such as the obligate anaerobes Butyrivibrio [45] and Megasphaera [52] ) but also in bacteria typically connected with the soil habitat (such as Actinomyces, Streptomyces, and Bacillus) ( [12] and updates of information therein at http://faculty.washington.edu/marilynr/). The gene tet(T) has only been found in the pathogen Streptococcus pyogenes [14] , but for tet(Z), its occurrence in the soil bacterium Corynebacterium has been proven [54] .
The effect of manure fertilization was also investigated in two field studies. The first study was located in Switzerland, on grassland that had received pig manure from nonintensive farming during the last years. Antibiotics were not detected in the soils before the experiment. For the field study, manure from a farm operation with routine antibiotic application was used. Again, pig manure proved to be a reservoir of resistance genes: All tested genes gave positive signals. Both tetracycline and sulfonamide resistance genes were tested, as sulfamethazine had been used in addition to chlortetracycline during swine rearing. However, this time, an influence of manuring on the soil diversity was not apparent. The main reason was the high prevalence of resistance genes in the soils already before pig manure application. Only a few genes that were detectable in pig manure did not reach concentrations high enough to be detected in soil: tet(O) and sul3.
However, an indication for an effect of manuring on the resistance gene quantity might be inferred from the intensity of the PCR bands. Some genes found both in pig manure and in soils were detected with only a weak signal in the spring soil sample of one plot before pig manure spreading, but gave strong signals after manuring [tet(M), tet(S), tet(Y), and tet(Z)] (Fig. 2) . Furthermore, tet(M) and tet(S) had not been detected 6 months before pig manure spreading and at some later sampling events. These genes might reside in soil at quantities close to the detection limit, and their prevalence might increase after fertilization. Interestingly, these results mirror the findings from the microcosm experiment, where tet(M) was only detected in pig manure, and tet(S) and tet(Y) only in pig manure and manured soil samples. To confirm the quantitative change upon manuring in resistance determinants, real-time quantitative PCR analysis is under way.
The only clear changes in gene prevalence were apparent between the sample taken half a year before pig manure spreading in September and all other samples taken between March and June in the following year. The smaller prevalence of tetracycline resistance genes might be related to a different soil nutrient status and a different standing community of microorganisms. Profound changes in the bacterial community in one soil over the different seasons have been found earlier [7, 23, 50] .
We can only speculate about the reasons for the high prevalence of resistance genes in the Swiss soils. The fields had been fertilized with manure from extensive pig farming in the previous years, and it was only in the year of study that pig manure from a high-usage farm was used. For habitats other than soil, it has been found that a higher prevalence of resistance genes was due to fecal contamination [2, 8, 33, 34, 41] . However, it has also been suggested that antibiotic resistance genes would be dispersed globally [58] . Furthermore, soil might represent a natural reservoir of resistance genes [44] , as it is generally thought that antibiotic resistance genes originate from soil-borne antibiotic producers.
In the second field study, which was located in an area with intensive farming in Germany, the number of positively detected resistance genes was smaller than in Switzerland. Analytical studies in the same region had shown that little tetracycline residues were found in cow manure, whereas pig manure regularly contained concentrations of tetracyclines in the range of milligrams per kilogram [29] . A higher antibiotic treatment frequency in pig farms would lead to a higher selection pressure and possibly resistance gene prevalence in pig manure. Indeed, in our study the number of tetracycline resistance genes detected was smaller in soils fertilized with cow slurry than in soils fertilized with pig slurry. There was some overlap between the genes found frequently in the German field study and in the microcosm experiments: tet(W), tet(T), and tet(Z) were found in unmanured soils in the microcosm experiment and also in field soils before the first fertilization of the year.
Again, an effect of manuring on the diversity of resistance genes could not be detected. Still, the difference between gene prevalence in the soil and in the manure was small, as only tet(M) and tet(B) were additionally detected in the manure, but not in the soil. These two genes also failed detection in the microcosm soil despite occurrence in the manure. Overall, differences between tetracycline resistance gene occurrence in environments and regions have been shown. This can also be seen from the comparison with other investigations. In nonmanured soils, Hund-Rinke et al. [30] reported only incidental findings of tet resistance genes, which is in contrast to our studies. Furthermore, in their study, tet(M) and tet(O) were detected in manured microcosms, whereas we only detected tet(O) in manure. Our limited detection of tet(M) in the microcosm and one field experiment is also in contrast to a study on resistance genes in bacteria of the Bacillus group in a manured farm soil in Denmark, where tet(M) was most prevalent [1] . There is one caveat, though, as detection limits have neither been determined in our study nor in most of the studies cited above, and differences might thus also be caused by diverging sensitivities of the PCR reactions. Most notably, there are also many congruencies, especially with an investigation on groundwater samples impacted by a pig farm [5, 11] : tet(W) and tet(Q) are elements detected in all studies when tested, and tet(H), tet(T), tet(Z) and tet(M) were regularly observed in at least four out of the seven locations [1, 5, 11, 30] .
In conclusion, manure proved to be the determining factor for the diversity of resistance genes in microcosm studies. The contribution of even high concentrations of antibiotics to the resistance gene diversity was comparatively minor, although the antibiotics caused other community adaptations. This suggests that other tolerance mechanisms dominate in the microcosms, or that the community tolerance is induced by quantitative changes in the resistance gene prevalence. In contrast, we failed to detect a clear influence of manuring on the diversity of tetracycline resistance genes in field soils. The main reason was the similarity of the resistance gene patterns between manure and soils in both regions, such that an additional impact of the manure was difficult to observe. The diversity of tetracycline resistance in some soils was high. This could be caused by a global spread of resistance genes, or it could highlight the role of soils as a natural reservoir of resistance genes.
